Porous SiC ceramics with dendritic pore structures by freeze casting from chemical cross-linked polycarbosilane by Xue, F et al.
1 
 
Porous SiC ceramics with dendritic pore structures by freeze casting from 
chemical cross-linked polycarbosilane  
Fengdan Xuea, Kechao Zhoua,*, Ning Wua, Hang Luoa, Xiaofeng Wanga, Xuefan 
Zhoua, Zhongna Yana, Isaac Abrahamsb, Dou Zhanga,** 
State Key Laboratory of Powder Metallurgy, Central South University, Changsha 
410083, China 
a State Key Laboratory of Powder Metallurgy, Central South University, Changsha 
410083, China 
b Materials Research Institute, School of Biological and Chemical Sciences, Queen 
Mary University of London, Mile End Road, London, E1 4NS, UK. 
*Corresponding author. 
E-mail address: zhoukechao@csu.edu.cn.  
**Corresponding author.  
Tel /fax : +86 731 88877196 










Abstract: In this study, a commercial polycarbosilane (PCS) and divinylbenzene 
(DVB) were used as the preceramic polymer precursor and crosslinking agent, 
respectively to form porous silicon carbide (SiC) ceramics by freeze casting 
PCS/camphene/DVB solutions. Porous silicon carbide (SiC) with a dendritic pore 
structure and connecting bridges was obtained afterpyrolysis at 1200 °C. The effects 
of DVB and PCS content on the rheological properties of the solution and the 
morphological characteristics and the compressive strengths of SiC ceramics were 
investigated. The use of DVB and the resulting chemical cross-linking yielded 
modified pore characteristics and much lower oxygen co tent in pyrolyzed SiC 
compared to the conventional thermal curing method. A compressive strength of 18.7 
MPa was obtained for pyrolyzed SiC prepared with 20 wt. % PCS and a 0.2 
DVB/PCS mass ratio. 














Silicon carbide (SiC) ceramics have received much attention due to their excellent 
physical and chemical properties, including low density, high melting point, good 
thermal shock resistance, and excellent chemical inertness [1-5]. The theoretical 
density of SiC is 3.2 g/cm3, which is favourable for fabrication of light weight 
structural materials [6]. Compared with its dense counterpart, porous SiC ceramics 
have larger surface areas and better thermal shock resistance, which are important 
properties for applications in catalyst supports [7-9], filters for hot gas [10] or molten 
metal [11, 12], membrane supports [13-15] and porous bio-implants [16, 17]. 
Therefore, porous SiC ceramic is one of the most widely used non-oxide ceramics in 
many industrial applications. The large band gap of SiC materials makes them 
suitable for harsh environment/high temperature sensor applications [18, 19], while 
porous SiC ceramics have good electromagnetic wave absorption properties and make 
them of interest as stealthy materials [20].  
The applications of porous SiC ceramics are not only governed by the physical 
and chemical stabilities of SiC itself, but also the pore characteristics and the 
mechanical properties [21, 22]. Commonly, porous SiC is fabricated by powder 
processing, involving high temperature sintering up to 1900-2000 °C. It is worth 
noting that much effort has gone into the use of prece amic polymer precursors to 
generate porous silicon carbide materials, including sacrificial templating [23, 24], 
blowing [25, 26], etching [27], emulsions [28], aerogels [29], etc. Preceramic polymer 
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precursor derived ceramic processing is a simple method to produce high temperature 
ceramics with low sintering temperature and good formability [30-32], utilizing 
preceramic polymer precursors such as polysiloxane (PSO), polysilazane (PSZ), 
polycarbosilane (PCS) and polyborosilazane (PBSZ).  
Freeze casting is a convenient and attractive method for fabricating porous 
materials [33]. The key parameters of freeze casting, such as cooling rate, solid 
loading and solvent etc., can be utilized to modulate the pore characteristics at 
multiple scales, ranging from micro [34, 35] to macro [36] levels in a one-step process, 
usually utilizing metal or ceramic powders as the suspension solids. Preceramic 
polymer precursors have also been employed in freeze casting for the fabrication of 
SiC ceramics. Yoon et al. [37] obtained porous SiC ceramics using oxidation-cured 
PCS preceramic polymer by freeze casting, while pyrolyzed ceramics showed 
amorphous phases of silicon oxycarbide (SiOC) and SiO2. Naviroj et al. [38] obtained 
three types of pore networks of directionally aligned macroporous SiOC via freeze 
casting polysiloxane preceramic polymer using dibutyltin dilaurate as a cross-linking 
agent. However, much oxygen is introduced into porous SiC ceramics during the 
cross-linking process, leading to decreased compressive strengths of pyrolyzed SiC 
ceramics and complex deoxidation sintering processes for obtaining high purity SiC 
ceramics.  
With this in mind, divinylbenzene (DVB) has been employed as cross-linking 
agent to fabricate porous SiC ceramics [39, 40]. In co trast, to other cross-linking 
agents, oxygen content was found to be much reduced in pyrolyzed SiC ceramics 
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prepared using DVB, because it is oxygen-free. We investigate here the effects of 
DVB and PCS content on the rheological properties of DVB/camphene/PCS solutions 
and the morphological characteristics and the compressive strengths of pyrolyzed 
porous SiC ceramics prepared by freeze casting. 
 .  
2. Experimental details  
2.1 Materials 
PCS (SLF-PCS, MW = 1000-2000 Da, Suzhou Champion Ceramic Fiber Co. Ltd , 
Jiangsu, China) was used as the preceramic polymer. Th  as-received solid PCS was 
crushed and sieved (180 μm) to give a fine powder to promote its dissolution 
behaviour in the solvent. Camphene (C10H16, purity = 95%, Shanghai Macklin 
Biochemical Co. Ltd., Shanghai, China) was used as the solvent and freezing vehicle. 
Divinylbenzene (DVB, mixed isomers, purity = 80%, Shanghai Aladdin biochemical 
Co. Ltd., Shanghai, China) was utilized as the cross-linking agent.  
 
2.2 Processing 
Firstly, the PCS powder was dissolved in hot camphene at 60 °C and stirred for 3 h to 
create a homogenous solution. DVB was then added to the homogenous solution and 
the cross-linking reaction carried out at 120 °C for 1h. DVB/camphene/PCS solutions 
were prepared with various PCS concentrations of 5-20 wt. % and DVB/PCS mass 
ratios of 0.1, 0.2, 0.4, and 0.6, corresponding to DVB/PCS monomer mole ratios of 
0.045, 0.089, 0.179 and 0.268, respectively.  
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The warm cross-linked solutions were poured into a pre-heated cylindrical 
silicone mould, with an inner diameter of 10 mm and height of 15 mm and then 
placed on a copper plate sitting on a reservoir of liquid nitrogen. Thus freezing 
occurred vertically from the bottom of the mould upwards. Frozen samples were then 
removed from the mould and freeze dried in a vacuum chamber at 1 Pa (Scientz – ND, 
Ningbo Xingzhi biotechnology Co. LTD., Jiangsu, China) to allow for sublimation of 
camphene and unreacted DVB. The dried samples were th n transferred to an alumina 
crucible and pyrolyzed at 1200 °C for 2 h in flowing argon to convert the PCS to the
SiC ceramic. The combined procedures of freeze casting and pyrolysis are 
summarised in Fig. 1, with the cross-linking reaction given in Eqn. 1 [41, 42]. 
 
 
Fig. 1.  Schematic illustration of preparation of porous SiC ceramics via freeze 




     (Eqn. 1) 
 
2.3 Characterization 
X-ray powder diffraction was employed to characteriz  the crystalline phase of SiC 
ceramics after pyrolysis at 1200 °C using a Rigaku D/max 2550pc  diffractometer 
(Rigaku, Japan) with monochromatic Cu Kα radiation (λ = 1.54178Å). Field emission 
scanning electron microscopy (FESEM, NOVA NANOSEM 230) with 
energy-dispersive spectroscopy (EDS, AZTec x-max 80) was used to observe the pore 
morphology and for analysing the composition of the pyrolyzed samples. Images were 
analysed using the Image J software [43]. Fourier tansform infrared spectroscopy 
(FT-IR, Nicolet 6700) was performed on samples with different DVB content to 
assess the extent of cross-linking over the range 400 to 3000 cm-1. The rheological 
properties of the solution were investigated using a rheometer (AR 2000, TA 
Instruments, USA) at 60 °C. The compressive strengths of pyrolyzed samples wre 
tested using a universal mechanical testing machine (Instron 3369, USA). The open 
porosity (P%) of samples was measured by the Archimedes method and calculated 






× 100%                                                        (Eqn 2) 
where m1 is the dry mass of sample, m2 is the mass of the sample when immersed in 
water and m3 is the mass of the wet sample. Values presented are an average of three 
measurements.   
 
3. Results and discussion  
Fig. 2(a) shows the effect of DVB content on the viscosity of 10 wt. % PCS/ 
camphene solution at a shear rate of 0.1-500 s-1, at 60 °C, after cross-linking for 1 h. 
The DVB/camphene/PCS solutions generally showed shear thinning behaviour and 
very low viscosity for all compositions, i.e. 1.9 × 10-3, 2.2 × 10-3, 9.9 × 10-2 and 
0.120 mPa.s-1, for samples with DVB/PCS mass ratios of 0.1, 0.2, 0.4 and 0.6, 
respectively at a shear rate of 100 s-1. The DVB/camphene/PCS solutions were 
increasingly milky in appearance, with increasing DVB content. The viscosities 
showed relatively large difference between the solutions, with that of the 0.4 
composition 45 times that of the 0.2 composition. The PCS chains are transformed to 
a network with increasing cross-linking, leading to a dramatic increase in viscosity 
[44]. Only small changes in viscosity are seen on further increasing the DVB/PCS 
mass ratio from 0.4 to 0.6, as the PCS gelation rate slows down in the later stages of 
cross-linking. Fig. 2(b) shows the effect of PCS content on the viscosity of samples 
containing a 0.2 DVB/ PCS mass ratio at shear rates of 0.1-500 s-1, at 60 °C, after 
cross linking for 1h. The viscosity of the DVB/camphene/PCS solution increased with 
increasing PCS content, however, all compositions showed very low viscosity, with 
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values of 1.5 × 10-3, 2.2 × 10-3, 3.5 × 10-3 and 4.6 × 10-3 mPa.s-1 for compositions 
with PCS contents of 5, 10, 15 and 20 wt.% , respectively, at a shear rate of 100 s-1.  
 
 
Fig. 2. Viscosities as a function of shear rate for DVB/camphene/PCS solution with 
various (a) DVB/PCS mass ratios and (b) PCS contents. 
 
Fig. 3(a) shows images of freeze-dried samples before and after pyrolysis. Samples 
showed high integrity with 10 wt.% PCS and a 0.2 DVB/PCS mass ratio. After 
pyrolysis at 1200 °C, obvious shrinkage occurred with a linear shrinkage of 
approximately 45 %, as shown in Fig. 3(b). The colour changed from white to black 





Fig. 3 Optical photographs of freeze cast samples (a) after freeze drying, (b) after 
pyrolysis at 1200 °C. 
 
Fig. 4(a) and (c) show typical SEM micrographs of thermal-oxidation cured and 
cross-linked SiC samples prepared with 10 wt. % PCS after pyrolysis at 1200 °C. As 
shown in Fig. 4(a), the pore morphology replicates that of the frozen camphene 
solvent after sublimation, while the circular and den ritic pores, highlighted by 
yellow circles in Fig. 4, indicate the main crystal nd dendritic arms [45, 46], 
respectively. During freeze casting, the PCS is squeezed out between the frozen 
camphene crystals, resulting in an amorphous β-SiC pore framework. On addition of 
DVB at a 0.2 DVB/PCS mass ratio, the morphology of the β-SiC porous structure 
changed, as shown in Fig.4(c). The dendritic arms became longer and many 
connecting bridges appeared between the secondary dendritic arms. The insets of Fig. 
4(a) and (c) show detailed views of these secondary endritic arms. Pyrolysis causes 
the pore size to reduce, as shown in the inset of Fig. 4(c). 
 
Fig. 4(b) and (d) show the elemental analysis in randomly selected areas of two SiC 
samples obtained by thermal-oxidation and cross-linking curing, respectively. 6.2% 
mol. % oxygen was detected in the cross-linked cured sample, compared to 22.1 mol. % 





Fig. 4 (a) SEM images and (b) EDS data for porous SiC ceramics prepared by thermal 
oxidation curing; (c) SEM image and (d) EDS patterns of porous SiC ceramics with 
DVB cross-linking. 
 
Fig. 5(a)-(d) show typical micrographs of pyrolyzed porous SiC prepared from 
solutions with various DVB/PCS mass ratios. The unidirectional freezing was 
perpendicular to the direction of the dendritic arms. The pore size was measured as 
the spacing between secondary dendritic arms and increased from about 9 μm to 21 
μm as the DVB/PCS mass ratio increased from 0.1 to 0.6, respectively, while the 
width of the main crystal became larger with increasing DVB content. As the degree 
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of cross-linking increased, the dendritic arms disappeared, as shown in Fig. 5(d). The 
increased cross-linking in compositions with higher DVB content appears to prevent 
growth of camphene crystals during freeze casting, resulting in a microstructure 
dominated by the cross-linked PCS network.  
 
Fig. 5 Typical SEM images of freeze cast PCS after pyrolysis at 1200 °C, with (a) 0.1, 
(b) 0.2, (c) 0.4, (d) 0.6 DVB/PCS mass ratios. The unidirectional freezing was 
perpendicular to the secondary dendritic arms direction. 
 
Fig. 6(a)-(d) show the microstructures of pyrolyzed porous SiC prepared from 
solutions with PCS contents ranging from 5 – 20 wt. %, with a constant DVB/PCS 
mass ratio of 0.2. The pore size decreased from about 16.1 μm to around 5.4 μm, with 
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PCS content increasing from 5 wt. % to 20 wt. %, respectively. This tendency was 
consistent with the rheological behaviour of the suspensions. The viscosity of 
prepared solutions increased with increasing PCS content, with pore size reducing 
with increasing viscosity.  
 
 
Fig. 6. Typical SEM images of freeze cast PCS with 0.2 DVB/PCS ratio after 
pyrolysis at 1200 °C, with (a) 5 wt. %, (b) 10 wt. % (c) 15 wt. % and (d) 20 wt. % 
PCS. The unidirectional freezing was perpendicular to the secondary dendritic arm 
direction. 
 
Fig. 7 shows the FT-IR spectra of samples with different DVB/PCS mass ratios after 
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freeze drying, but before pyrolysis, compared with the spectrum of a pyrolyzed 
sample The observed bands matched well with those reported in the literature [25, 37]. 
All spectra show stretching peak at 795 cm−1 is assigned to Si-C bonds. For pure PCS, 
previous literature reported that when camphene was used as a solvent it did not alter 
the chemical structure of the PCS polymer [37]. Indeed, typical peaks for pure PCS 
are found in the spectrum of the uncross-linked PCS. For the cross-linked PCS 
samples, several additional weak peaks at 1434 cm-1 and 1643 cm-1 are observed in 
the spectra compared to that of the uncross-linked sample which originate from the 
bending vibration of the C=C bond in the aromatic ring of DVB. The Si-H absorption 
band at around 2100 cm-1 is weaker in the spectra of the cross-linked samples than in 
that of the uncross-linked PCS, due to hydrosilylation with the vinyl groups of DVB 
(Eqn 1), and on pyrolysis disappears completely, indicating conversion into the 
ceramic. Comparing the spectra of the cross-linked PCS samples, it is evident that the 
degree of cross-linking increases with increasing DVB content [42]. The results 





Fig. 7 FT-IR spectra of (a) to (e) studied samples prior to pyrolysis and (f) the 0.2 
DVB/PCS sample after pyrolysis.  
 
Fig. 8(a) and (b) show XRD patterns illustrating the crystallization of the PCS derived 
ceramics derived from solutions containing different DVB/PCS mass ratios ranging 
from 0.1 to 0.6 and various PCS mass fractions ranging from 5 wt. % to 20 wt. %, 
respectively. All samples exhibited a nanocrystalline structure. Broad characteristic 
peaks of β-SiC at 2θ = 35.7°, 60.0° and 72.0° are assigned to the (111), (220), (311) 
planes of this phase (PDF#01-1119) [37, 48] .  
 
 
Fig. 8. XRD patterns of pyrolyzed PCS samples derived from different (a) DVB/PCS 
mass ratios and (b) PCS loadings. 
 
Fig. 9 (a) shows the porosity and compressive streng h of pyrolyzed SiC samples. The 
porosity increased from 82% to 85 % as the DVB/PCS mass ratio changed from 0.1 to 
0.6. The compressive strength was highest for 0.2 DVB/PCS sample with a value of  
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9.9 MPa. Higher levels of DVB content, i.e. 0.4 and 0.6, led to stronger polymer 
gelation during the solution preparation and the fre ze casting, which caused variation 
of the pore morphology and the corresponding compressiv  strength [49]. The 0.1 
DVB/PCS sample had relatively low porosity; the shrinkage was not only larger for 
this sample, but it also failed to maintain its cylindrical shape. This is due to the fact 
that the extent of cross-linking was relatively low (the 0.1 DVB/PCS ratio 
corresponds to only around 9% of the stoichiometric maximum DVB/PCS ratio). In 
contrast, for the 0.2 DVB/PCS mass ratio sample (corresponding to around 18% of 
the stoichiometric maximum DVB/PCS ratio), the cylindrical shape was maintained.  
 
Fig. 9 (b) shows the compressive strengths of pyrolyzed SiC samples prepared from 
the solutions with various mass fractions of PCS, revealing a clear improvement of 
the compressive strength with PCS content increasing from 5 wt. % to 20 wt. %. The 
highest compressive strength was 18.7 MPa for the 20 wt. % PCS sample. As shown 
in Fig.6, the pore size decreases with increasing PCS mass fraction, with porosity 
decreasing from 87% to 59% for PCS contents of 5 and 20 wt. %, respectively Low 
porosity and thicker dendritic structures favour higher compressive strength. The 





Fig. 9 Porosity and compressive strength of pyrolyzed PCS with (a) various 
DVB/PCS mass ratios with 10 wt.% PCS and various PCS contents at a 0.2 
DVB/PCS mass ratio. 
 
4. Conclusions 
Porous silicon carbide (SiC) ceramics with low oxygen content were prepared by 
freeze casting using divinylbenzene (DVB) as a cross-linker for polycarbosilane 
(PCS). The effects of DVB content and PCS mass fraction on the solidification of 
PCS/camphene solutions were investigated. The dendritic arms of camphene became 
longer and many connecting bridges appeared between th  secondary dendritic arms 
with increasing of DVB content. Cross-linking cured SiC ceramics with 6.21 mol. % 
oxygen were achieved, while the oxygen content increased to 22.09 mol. % in 
thermally-oxidized samples. At a 0.2 DVB/PCS ratio an optimum microstructure is 
achieved, reflecting that of the camphene solvent, including secondary dendritic arms. 
This leads to a maximum in compressive strength, ascribed to the increased number of 
SiC walls and the connecting bridge structures formed between adjacent secondary 
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dendritic arms. Changes in the microstructure at higher DVB result in lower 
compressive strengths.  In addition, a clear improvement in compressive strength 
with increasing PCS content is seen, with the highest compressive strength of 18.7 
MPa found for samples with 20 wt. % PCS and a 0.2 DVB/PCS mass ratio.  
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